25 1. Tropical reefs have been subjected to a range of anthropogenic pressures such as 26 treated as a key ecological asset in strategies for the conservation and management 50 of diverse tropical seascapes. 51
global climate change, overfishing and eutrophication that have raised questions 27 about the prominence of macroalgae on tropical reefs, whether they pose a threat to 28 biodiversity, and how they may influence the function of tropical marine ecosystems. 29
2. We synthesise current understanding of the structure and function of tropical 30 macroalgal reefs, and how they may support various ecosystem goods and services. 31
We then forecast how key stressors may alter the role of macroalgal reefs in tropical 32 seascapes of the Anthropocene. 33
3. High levels of primary productivity from tropical canopy macroalgae, which rivals that 34 of other key producers (e.g., corals, turfing algae), can be widely dispersed across 35 tropical seascapes leading to a boost secondary productivity in a range of biomes that 36 include coral reefs, and support periodic harvests of macroalgal biomass for industrial 37 and agricultural uses. Complex macroalgal reefs that comprise a mixture of canopy 38 and understory taxa can also provide key habitats for a diverse community of 39 epifauna, as well as juvenile and adult fishes that are the basis for important tropical 40 fisheries. 41 4. Key macroalgal taxa (e.g., Sargassum) that form complex macroalgal reefs are likely 42 to be sensitive to future climate change. Increases in maximum sea temperature, in 43 particular, could depress biomass production and/or drive phenological shifts in 44 canopy formation that will affect their capacity to support tropical marine ecosystems. 45 5. Macroalgal reefs can support a suite of tropical marine ecosystem functions when 46 embedded within an interconnected mosaic of habitat types. Habitat connectivity is, 47 therefore, essential if we are to maintain tropical marine biodiversity alongside key 48 ecosystem goods and services. Consequently, complex macroalgal reefs should be 49 as primary producers that span a range of growth forms, macroalgae have the capacity 69 to support many other species in tropical marine ecosystems (Fulton et al., 2014; Tano 70 et al., 2016) . Moreover, seascape-scale assessments, that include all shallow inshore 71
substrates, indicate that areas dominated by macroalgae (e.g., 16%, 23% and 46% in 72
Tanzania, New Caledonia and Ningaloo (western Australia), respectively) can be 73 extensive relative to coral-dominated habitat (4-8%) (Garrigue, 1995; Kobryn, Wouters, 74 4 & Beckley, 2011; Tano et al., 2017) . Depending on the spatial setting and extent, 75 macroalgal reefs can be key components of interconnected tropical seascapes that 76 complement the functions and services provided by other subtidal habitats, such as 77 coral reefs and seagrass beds (Hyndes et al., 2014; Nagelkerken, Sheaves, Baker, & 78 Connolly, 2015) . 79 80 Macroalgal reefs vary immensely in composition and structure in response to a range of 81 environmental and biotic conditions (Steneck & Dethier, 1994) . In some settings, a 82 tropical reef can become dominated by a few weedy macroalgae species of low stature, 83 especially when grazing pressure is severely depressed by overfishing (e.g., Littler & 84 Littler, 1988; Hughes, 1994; Mumby, 2009 biodiversity and flows of energy and biomass to underpin a range of tropical marine 98 ecosystem goods and services ( Fig. 1) . 99 100 5
In this review we synthesise our current understanding of how the structure and function 101 of macroalgal reefs can influence the services they support within tropical marine 102 ecosystems. We then explore how environmental stressors interact with these 103 macroalgal structure-function relationships, and what this means for the future of tropical 104 reefs in the Anthropocene. In doing so, we challenge some emerging paradigms and 105 reappraise how we should manage tropical macroalgal reefs as part of diverse and 106 connected seascapes. 140 independent studies at tropical locations (Table S1 ). Means (± 95% confidence limits) are based 141 on four or more studies per group (except Dictyota gross production where n = 2, Table S1 ).
142
Note that net production for Sargassum were typically measured on uncaged biomass (i.e. 143 subject to herbivory) during the seasonal growth phase (typically 4-6 months), which is followed 144 by 3-4 months of canopy detachment when 80-90% of production is dispersed. As such, 145 production values are likely to be conservative for macroalgae due to losses from herbivory (Table S2 ).
151
Consumption and conversion of primary production into higher trophic levels is critical 152 for many ecosystem goods provided by tropical reefs, such as fishable biomass. In 153 corals, much of the relatively high net primary production from zooxanthellae is utilised 154 by the host coral (Hatcher, 1990) , with feeding by corallivores and coral exudates 155 providing external trophic pathways for some of the coral primary production to enter the 156 wider ecosystem ( and reproductive output of carnivorous fishes that target these epifaunal prey (Edgar & 175 Aoki, 1993; Wenger et al., 2018) . Indeed, macroalgal reefs appear to host a greater 176 diversity and higher standing biomass of epifauna than either tropical seagrass (Tano et 177 al., 2016) or the EAM (e.g., crustacea; Kramer et al., 2014) , which is likely due to the 178 higher (volumetric) capacity for canopy-forming macroalgae to support epifauna than 9 other types of smaller macrophyte host . This means canopy-180 forming macroalgae can support secondary productivity an order of magnitude higher 181 than EAM or many other types of subtidal microhabitat, with the exception of dead coral 182 heads that may also provide complex "canopy" habitat for epifauna (Edgar 1990 (Table S4 ). Note the mean relative abundance of species (> 0.5 equates 216 11 to more individuals on macroalgal than coral reef) in these trophic groups (dots, right y-axis) is 217 around 0.5 or below, which suggests most adult reef fishes are not specialised occupants of 218 complex macroalgal reefs, and likely use such areas as transient foraging grounds (e.g.,
219
browsers and piscivores).
221
Habitat quality and complexity are also critical for supporting key ecosystem processes. 222
Complex macroalgal reefs comprising canopy-forming genera like Sargassum can play 223 a major role in supporting the replenishment of fish populations via the provision of 224 seasonal nursery habitats for juveniles ( Fig. 3A) . Our meta-analysis revealed that 17-225 49% of the regional pool of reef fish species have the majority of their juveniles within 226 complex macroalgal reef habitats (Table S3) Stimson, 2013), whilst at depths of 40 metres macroalgal biomass arrives on reef slopes 248 at rates of 2.5 g C m -2 d -1 (Stimson, 2013) . Such spatial subsidies of macroalgal biomass 249 are substantial, being more than double the in situ areal production of other common 250 tropical benthic organisms ( Fig. 2A) . Macroalgal wrack and rafts are then likely to enter 251 detrital pathways and fuel secondary production in areas where it is deposited (Wilson, However, such micronutrient augmentation can have unintended effects, and may not 290 produce negative carbon emissions after nutrient fabrication and transport is taken into 291 account. Moreover, micronutrient additions (e.g. iron) can increase the prevalence of 292 undesirable ecosystem components such as cyanobacterial mats (Kelly et al., 2012) . 293
Perhaps more feasible is the direct capture of carbon dioxide from industrial activities 294 (e.g., ethanol production) to fuel tropical macroalgae mariculture that is converted into 295 forms for long-term carbon storage (e.g., biochar; Roberts, Paul, Dworjanyn, Bird, & de 296 Nys, 2015). 297 298
FUTURE SCENARIOS FOR MACROALGAE IN TROPICAL SEASCAPES 299
What will be the nature and function of macroalgae in tropical seascapes of the future? 300
To answer this question, we must explore the proximate effects of global and local 301 stressors on the composition of macroalgal reefs, their productivity, and their likely 302 context within tropical seascapes. Marine climate change in the form of ocean warming, 303 acidification and/or shifting storm regimes may impinge on tropical macroalgal reef 304 structure and function. Of particular concern are thermal anomalies that are likely to Zhang, 2013). Indeed, the available evidence suggests anomalies of 1-2°C above the 318 highest mean monthly SST are likely to cause severe declines in Sargassum growth and 319 canopy collapse (Prince, 1980; McCourt 1984) . However, understory fleshy macroalgae 320 may exhibit either resistance (no effect) or a modest increase in production under 321 change will drive a loss of tropical canopy-forming taxa to effectively flatten macroalgal 324 reefs down to low-complexity stands of short and/or unpalatable macroalgae (Littler & 325 Littler, 1988; Littler et al., 1991) . 326
327
In the near term, a shift in the composition and canopy structure of macroalgal reefs will 328 have major consequences for tropical ecosystems. The implications for productivity are 329 obvious in that less canopy growth will mean a decline in the annual turnover and 330 dispersal of primary production across our tropical seascapes, followed by declines in 331 secondary and higher-level production. The consequences of macroalgal habitat 332 degradation could also be substantial for key biota such as fishes. This is because of the 333 strong functional links between macroalgal habitat quality and reef fish abundance, Fishes that recruit to macroalgal reefs may be particularly vulnerable to shifts in canopy 345 phenology arising from climate change. On "hot reefs" with very high summer maximum 346 SST (e.g., 35°C in Red Sea and southern Taiwan), peak Sargassum canopy biomass 347 occurs in the cooler winter-spring period (Hwang et al., 2004; Ateweberhan et al., 2006) , 348 rather than the summer-autumn at most other tropical locations (Glenn et al., 1990; Vuki 349 & Price, 1994; Fulton et al., 2014) . Global increases in summer maximum SST due to 350 climate change may drive a general shift in Sargassum canopy phenology towards the 351 "hot reefs" condition (i.e., peak during cooler winter months), which would create a 352 nursery habitat mismatch for the many fish species that exhibit summer peaks in 353 recruitment (Williams, 1983; McIlwain, 2003; Abesamis & Russ, 2010 ). An adaptive shift 354 in fish recruitment season is possible, with indications that reef fishes recruiting to "hot" 355 macroalgal reefs mostly do so during the cooler months when Sargassum canopy 356 biomass is highest (Isari et al., 2017) . Such recruitment patterns can arise from seasonal 357 shifts in the survival of juveniles, rather than shifts in spawning behaviour and 358 reproductive output (Robertson, 1990) , which means taxa with more serial recruitment 359 patterns (e.g., some Acanthurids, Labrids, Haemulids, Pomacentrids; Doherty, 1991; at a lower level of species richness (Fig. 3C) . Indeed, fish communities on reefs that 397 have undergone regime shifts from coral to canopy-forming macroalgae have shown 398 such changes in functional structure, yet they are still diverse and abundant (Graham et 399 al., 2015) . Moreover, many of the fishes that utilise complex macroalgal reefs can 400 support productive fisheries (Hicks & McClanahan, 2012; Robinson et al., 2018) . 401
However, it is conceivable that future coral-algal regime shifts may occur when 402 environmental conditions are unsuitable for canopy-forming macroalgae like Sargassum. 403
If the thermal anomalies that have triggered mass bleaching and mortality of corals forming macroalgae in many tropical regions. This means that with continuing ocean 407 warming the future for an increasing number of tropical reefs may be one where two key 408 habitat-forming groups -corals and canopy-forming macroalgae -are no longer able to 409 sustain the productive and complex habitats that underpin key ecological functions and 410 socio-economic benefits. Instead, we would see a greater dominance of macroalgae that 411 have lower levels of structural complexity (e.g. EAM), lower areal productivity (e.g., 412
Dictyota; Fig. 2A and understory taxa have the potential to support biodiversity and productivity at many 447 levels, including key fisheries that underpin food security for tropical maritime nations. 448
We suggest there is sufficient evidence to include complex macroalgal reefs as a key Evidence is also building that complex macroalgal reefs may be instrumental in 452 supporting productivity across the tropical seascape via spatial subsidies, and in so 453 doing, support a broad range of ecosystem goods that span direct algal harvests to 454 enhanced levels of fishable biomass. Given the potential for wide variations in canopy 455 quality and biomass turnover, and the functional consequences for the role of 456 macroalgal reefs in tropical marine ecosystems, there is a need to identify and protect 457 high quality patches from local threats. The latter include increases in turbidity, habitat anthropogenic stress, are unlikely to support high levels of marine biodiversity and 468 ecosystem function. Yet, there is a strong potential for these types of macroalgae to 469 dominate tropical reefs of the Anthropocene. Since so many ecosystem functions flow 470 from canopy structure and turnover, we also need to assess how environmental change 471 may affect tropical macroalgal phenology (Koch et al., 2013) . In part, this means a better 472 understanding of the resilience of different macroalgal reef types to disturbance such as 473 unseasonal canopy loss from storms and marine heatwaves, and their resistance to 474 long-term stressors such as sedimentation and climate change. Indeed, more 475 information on the thermal thresholds that will trigger shifts in the timing and extent of 476 macroalgal canopy production and decay should be a priority. Equally important is 477 Aburto-Oropeza, O., Sala, E., Paredes, G., Mendoza, A., & Ballesteros, E. (2007) . 
